[1] Argillites are one of the rock types studied by French authorities for their confining properties for the isolation of radioactive wastes. One of the main objectives of such study is the better understanding of water transport through rocks with very low water content and hydraulic conductivity, using modeling of tracer profiles. This article presents the protocol developed and applied for acquiring data on chloride in interstitial water of the Toarcian argillites in Tournemire (southern France). This protocol is based on laboratory experiments involving diffusion process and on modeling. Experimental data obtained during transient and steady parts of diffusion allow for the assessment of the diffusion coefficient and initial concentration in pore water, respectively. Profiles for both have been acquired along the geological sequence; they are used in part 2 of this article for proposing a hydrogeological model where diffusion appears to be the main process for mass transport through the argillites and for comparing deuterium and chloride transport.
Introduction
[2] In the last two decades, sitings of possible nuclear waste repositories have been the object of intense debates within the biggest producing countries of nuclear energy such as the United States, Japan, United Kingdom, and France. While most experts agree that such repositories should be placed in deep geological locations, opinions differ concerning the optimal geological setting [Brookins, 1984] . One major issue with the conceptualization of nuclear waste repositories is that all safety scenarios must be considered over very long periods of time (thousands to millions years) due to the extreme long half-life of transuranians and fission products. Obviously, one of the major points related to such storage has to do with the water flow regime in the area of the repository and with how this flow regime would affect or enhance the transport of radioelements in case of an eventual leak from the repository occurs.
[3] While the United States is considering storage of nuclear wastes in volcanic sequences, in a fractured media at a level above the water table, at the Yucca Mountain site [Sonnenthal and Bodvarsson, 1999; Stuckless and Dudley, 2002] , France is considering placing its major nuclear waste repository at depth in saturated media well below the water table [Lebon and Mouroux, 1999] . French authorities consider argillite formations as the possible safest choice for such repository because they have extremely low vertical and horizontal hydraulic conductivities; consequently, the horizontal and vertical water movement able to transport radionuclides to other locations [Hoteit et al., 2000] , would be extremely slow. Thus ANDRA (French agency in charge of radioactive waste management) recently decided to build an underground research facility at Bure (east of the Parisian Basin), in Callovo-Oxfordian units, in order to evaluate the safety for these repositories.
[4] The IRSN (French Institution for Radioprotection and Nuclear Safety, formerly IPSN) is in charge of an independent expertise for industrial (ANDRA's) projects. In order to conduct methodological research on the feasibility of storing radioactive wastes in deep clayey massifs, the IPSN selected in 1988 the argillaceous units (Upper Lias) of the Tournemire massif (Aveyron, southern France) for installing an underground experimental facility.
[5] Obtaining accurate information on the water flow in porous media with very low hydraulic conductivities and water content using only traditional hydrogeological methods is extremely difficult. This usually leads to com-bine geochemical information with hydrogeological methods. However, transfer time of artificial tracers are too long in such media and obtaining information therefore requires data on natural tracers, which may record media history over long periods of time [Desaulniers et al., 1981; Falck et al., 1990; Harrington et al., 2001; Stone, 1992; Toulhoat et al., 1996; Tyler et al., 1996] . The distribution of natural tracers in interstitial water of formations may help to characterize water flow and solute transport through the media.
[6] Because of its conservative behavior [Michard, 1982] , chloride is one of the most common chemical tracers [Eggenkamp, 1998] , and was therefore chosen for investigating mass transport in the hydrogeological system of the Tournemire massif. In order to obtain high-quality measurements of chloride (or any other tracer) in pore water of argillaceous rocks, many scientists have developed and improved various techniques [Sacchi et al., 2000 [Sacchi et al., , 2001 . One of the most recent is that developed by van der Kamp et al. [1996] using direct chemical equilibration of the interstitial water through a liquid phase; this method was validated by comparing interstitial water concentrations calculated after equilibration with concentrations measured in ''free'' water collected by piezometers in the same formation. Good agreements were obtained for deuterium and sulfate, but the method was not able to give consistent results for chloride [van der Kamp et al., 1996] . For this reason, and because in the Tournemire case comparison with chloride concentration of free water was not possible (except locally, where water comes from faults, which may not be representative of interstitial water), others methods were tested. For instance, water extraction by applying a very high stress on the rock sample [Reeder et al., 1998 ], was tested on Tournemire argillites by the British Geological Survey. This technique was not reliable because addition of water to the rock sample was necessary, and this created several nonnegligible artifacts, such as dissolution of carbonates, ionic fractionation and modification for exchangeable bases [Cave et al., 1997; De Windt et al., 1999] . A leaching technique was also tested; results show that chloride extracted by this technique is fifteenfold less than total chloride content of the rock [Moreau-Le Golvan, 1997; Moreau-Le Golvan et al., 1997] . In order to obtain good measurements of chloride concentrations in interstitial water of Tournemire argillites, the development of a new protocol appeared indispensable.
[7] Here we present a combination of experiments and analyses for evaluating the various reservoirs of chloride in the rock (including interstitial water); the protocol allows for the determination of both chloride pore water concentration and diffusion coefficients. Assessment of chloride diffusion coefficients through the rock is essential because we expect diffusion to be a major phenomenon in mass transport, considering the very low hydraulic conductivity values of the media.
[8] After describing the geological setting of the Tournemire site, we present laboratory results and modeling of diffusion experiments used in establishing the protocol. We then present data acquired using the protocol and discuss their relevance to mass transport through the Tournemire argillites.
Geological Settings and Implications for Hydrogeology
[9] The Tournemire site is located in southern France (about 120 km north of Montpellier), on the western border of the Causses Basin (Figure 1 ), a Mesozoic sedimentary (marine) basin that constitutes the southern border of the French Massif Central.
[10] Sedimentary units of the Tournemire massif are subhorizontal (Figure 2 ). In the area of interest, three Lower to Middle Jurassic units are distinguished. The lower (Hettangian, Sinemurian, and Carixian in the Lias) and the upper units (Upper Aalenian, Bajocian, and Bathonian in the Dogger) consist of karstic limestones and dolomites. The intermediate unit (Domerian and Toarcian in the Upper Lias) is marl and shale. The Lower, Middle, and Upper Toarcian consist of 25 m of very indurated shale, 20 m of marl, and 160 m of argillites, respectively. To the north, the Cernon fault interrupts the geological sequence and sets Toarcian argillites on contact with Trias layers; this fault, which shows a regional extension, constitutes a flow path for karstic water between the calcareous units of the massif.
[11] Upper Toarcian units are crossed by an old railway tunnel, drilled more than one hundred years ago, from which several series of boreholes (mostly vertical such as DC, CA, TN1, TN3. . .) have been drilled; eight radial boreholes (ID) (see vertical boreholes in Figure 3a ) and two horizontal galleries were also drilled. These show the Figure 1 . Location of the Tournemire site: simplified geological map after Mennessier and Collomb [1983] .
western part of the massif to be well fractured and the eastern part to be poorly fractured (Figure 3b ). Three other descending boreholes (VF2, VF3 and VF4) were drilled along the eastern gallery.
[12] In order to compare data from various boreholes, and to place each sample to its lithostratigraphic unit, slopes of the tunnel and the geological layers were taken into account; knowing elevations of drilling heads, and elevations of stratigraphic transitions, a corrected elevation was calculated for each sample. Later, we present chloride concentration profiles along corrected elevations where the TN1 and TN3 boreholes are taken as reference.
[13] Several fault types, linked to various tectonic events [Boisson et al., 1998b; Cabrera, 1992] , affect the massif. Major deformations occurred during the N/S Pyrenean compression between 53 and 33 million years ago (paroxysm about 42 million years ago). This compression created most of the fractures (NNW-SSE) with strong slopes such as ) horizontal cross section indicating the location of the descending boreholes drilled in the eastern gallery and the vertical main fault of the Tournemire massif separating the massif into the highly fracture area on the western part and slightly fractured area on the eastern part, after Boisson et al. [1998b] .
the Tournemire fault (Figure 3b ), and it also reactivated the main regional faults (mainly E/W) including the Cernon fault.
[14] Because most faults date from the Pyrenean compression, and because the Cernon fault preceded them, argillites probably acquired their rigidity and subsequent susceptibility to fracturing under mechanical stress quite early in the massif history. This was probably due to a major loss of water from these argillites during sedimentation and burial. However, despite the fact that argillites are water saturated [Barbreau and Boisson, 1994] , they have a very low porosity (7% in average) and a very low water content (about 3-5% in weight). The water content q was calculated as q ¼ wet massÀdry mass wet mass (after drying at 105°C, during 24 hours) and the porosity w q was calculated with w q ¼ q Â wet rock density water density (Figure 4) , with a wet rock density value of 2500 kg m À3 [Boisson et al., 1998c] .
[15] Hydrogeology of the Tournemire site is mainly controlled by permeability contrasts between karstic aquifers and Toarcian and Domerian (argillite/marl) layers. The upper karstic aquifer is located in Middle Jurassic layers (often just Aalenian); it is recharged by local precipitation on the plateau that seep into Bathonian and Bajocian layers, via pathways created by the dissolution of carbonates along faults. Porosities of these calcareous layers, and their water contents are very variable. The deeper karstic aquifer is in the Hettangian, Sinemurian and Carixian series, extending down to Trias layers, which relatively constitutes an impermeable substratum. This aquifer has a regional extension and crops out south of the study area.
[16] The hydraulic head h of the Aalenian aquifer (602 m at the elevation z 588 m, corrected elevation z c 574 m) is higher than that of the Carixian aquifer (463 m at z 296 m, z c 283 m), suggesting a potential downward leakage toward this aquifer [Boisson et al., 1998a; Cabrera et al., 2001; Patriarche, 2001] . The vertical hydraulic gradient Áh Áz between the top and the bottom of the argillites is 0.48 m m
À1
; this high value is a consequence of the low hydraulic conductivities of this material.
[17] In Toarcian/Domerian rocks, in situ pulse tests and laboratory measurements provided hydraulic conductivities ranging between 10 À11 and 10 À13 m s À1 for the fractured areas and between 10 À14 and 10 À15 m s À1 for nonfractured argillite [Boisson et al., 2001] . In fractured areas, in situ tests have been performed at various scales. A test using the method of Bredehoeft and Papadopulos [1980] between 57.0 and 160.15 m below the tunnel (including fractured and nonfractured levels) showed a hydraulic conductivity K value of 1.4 Â 10 À14 m s
. Several other tests using the method of Wang et al. [1977] performed along specific fractured areas (with a 1.5 m thickness) showed transmissivities ranging between 10 À13 and 2 Â 10 À12 m 2 s À1 with fracture apertures of 0.17 and 0.1 mm and hydraulic conductivities of 5.88 Â 10 À13 and 10 À13 m s
, respectively. Measurement between 41.5 and 43.0 m below the tunnel yielded K = 2.3 Â 10 À11 m 2 s À1 using the method of Bredehoeft and Papadopulos [1980] . These hydraulic conductivities are in agreement with the orders of magnitude given by Neuzil [1994] for the Pierre Shale in South Dakota (clay stone), Lower Cretaceous in Western Canada (clayey siltstone), and Eleana Formation in Nevada (argillites). The Peclet number P e given by [1998b] and this study).
[see, e.g., de Marsily, 1986] [18] This Peclet number, which is greatly less than 1, describes mass transport essentially controlled by pure diffusion (at a large scale or locally). This means that if advection occurs, both advective mass transport and advective component of mass transport dispersion would be negligible. Therefore we assume that diffusion is the dominant process for migration of dissolved elements in pore water through these argillites [Barescut and Michelot, 1997; Boisson et al., 1998b; Bonin, 1998; Lavergne et al., 1997; Moreau-Le Golvan, 1997] . This assumption is the driving idea for establishing the protocol for extracting chloride (PECH protocol). This protocol yields assessment of chloride diffusion parameters (chloride concentrations and diffusion coefficients) using equilibration by diffusion within a cell, between chloride concentration in interstitial water of a rock sample and chloride concentration in initially chloride-free water. In order to reach our objectives, these experiments require that (1) measured chloride (in added water) only corresponds to the chloride contained in interstitial water and (2) measured chloride is really obtained by the diffusion process. In order to fulfill these two requirements, several laboratory analyses have been performed.
Characterizing the Various Reservoirs of Chloride
[19] Laboratory experiments performed in order to characterize the various reservoirs of chloride in the argillites were carried out on five samples (Table 1 ) from borehole VF4. In order to do so, each sample was divided in several aliquots ( Figure 5) Fritz and Marine [1983] , Keijzer et al. [1999] , and Kharaka and Berry [1973] . This clay liner had a chemico-osmotic coefficient equal to 0.63, probably much higher than that of Tournemire argillites (a coefficient of 1 corresponds to an ''ideal'' membrane completely restricting Figure 5 . Analyses of five samples from borehole VF4: water content measurement, X-ray diffraction, chemical and SIMS analyses of the total rock, and diffusion experiments followed by ionic chromatographic analyses of water and principal component analysis on these data.
the movement of electrolytes, and a value 0 corresponds to a material that exhibits no electrolyte restriction). They showed that, even with this high value of the chemicoosmotic coefficient, the diffusion coefficient increases by only 10%. (Table 3) .
[23] Two analyses of the whole rock chloride content (including chloride in pore water) were performed at the CRPG (ICP AES) and a third was performed on VF4 06465 and VF4 06875 at the Wolff laboratory, using potentiometry (after combustion of the sample). Chloride concentrations for the three analyses range from 62 to 98 mg kg À1 (Table 3) . While uncertainties of these values were not given, they are probably higher than 20%; indeed, an uncertainty of 20% is given by the CRPG for chloride concentrations higher than 5 g kg À1 . These high uncertainties make impossible to determine where chloride occurs in the rock. In order to get more accurate information about the chloride distribution, analyses were performed using SIMS.
Mapping Chloride in Argillites and
Accessing to Chloride in Pore Water 3.2.1. SIMS Analyses
[24] Secondary ion mass spectrometry (SIMS) analysis is based upon the principle that a surface under ion bombardment (primary ions) emits charged particles (secondary ions) that can be analyzed for their mass (corresponding to the elements) with a mass spectrometer. The mass spectrometer determines the mass of a charged particle by accelerating the particle and then deflecting it with a magnetic field; low masses will be strongly deflected and high masses will be deflected less. The deflected particles pass through a slit to select a specific mass and can be detected using an electron multiplier (for measuring very low particle currents) or, in case of the secondary ion mass spectrometer, they can also be projected onto a channel plate resulting in a direct image of the elemental distribution at the sample surface. The spatial distribution of chloride, hydrogen, phosphorous, fluoride, oxygen, silica, sulfur, and carbon was obtained with SIMS (Cameca -Ims6f) analyses [Raimbault, 2000] , using a 250 Â 250 mm scanning ( Figure 6 ).
[25] In a context of bulk chemical analyses (Table 3) , samples appear to mainly consist of carbonate and clay with many grains of pyrite and some of apatite. Apatite is quite apparent in the VF4 07670 sample ( Figure 6 ) where high concentrations of fluoride and phosphorus are coincident. High carbon concentrations reflect the presence of carbonate. Organic matter (reduced carbon not correlated with oxygen) is not recognized, probably because of very small grain sizes.
[26] SIMS analyses show that chloride is ubiquitous in all samples. Chloride concentrations correlate with hydrogen concentrations, indicating that chloride is in part associated with clayey phases. Correlation between chloride and carbon concentrations indicates that some chloride is probably present in carbonates. However, concentration of chloride in carbonates is not systematic. [27] SIMS analysis of VF4 07670 shows that despite the ubiquitous presence of chloride in various minerals, there is a strong correlation between Cl, F, and P. This suggests that some minerals, like apatite, contain chlorine in high quantity. Chloride content in apatites was estimated to be about 14% of the total chloride content of the rock.
Preliminary Diffusion Experiments 3.2.2.1. Experimental Settings for the Preliminary Diffusion Experiments and Data Collection
[28] Diffusion experiments were performed on pieces of rock cut into cubes with an approximate volume of 3.3 cm 3 each and an approximate total weight of 200 g. For each rock sample, the cubes were placed in a Teflon 1 container. Ultra-pure water was added until rock/water ratio around 2270 g L À1 was attained (approximately 88 mL).
[29] Diffusion of chloride from the sample pore water to the added water was monitored by chromatographic analysis of several successive water samples; anions (fluoride, chloride, nitrite, bromide, nitrate, sulfate) and cations (lithium, sodium, ammonium, potassium, magnesium, calcium) were measured.
[30] For each of the five samples, at least 12 water samples were collected during the 35 weeks of diffusion experiments. Expecting a very low diffusion coefficient, the sampling was planned for after 1, 2, 4, 6, 8, 11, 14, 17, 20, 24, 28, 31 and 35 weeks of diffusion. For most analyses, bromide content was below the detection limit. This data set constitutes a sum of more than 660 analyses (see data of Patriarche [2001] ).
Principal Component Analysis of Chemical Data From Preliminary Diffusion Experiments
[31] A principal component analysis (PCA) was used to extract information from this data set. The method is widely used in signal processing, statistics, and neural computing and is based on the concept of finding the components f 1 , f 2 ,. . . f n so that they explain the maximum amount of variance possible by n linearly transformed components [see, e.g., Dazy et al., 1996; Jolliffe, 1986] . PCA expresses several variables as a set of linear combinations of noncorrelated components. This method allows for the representation of primary data (statistical units corresponding to the data in this study) in a space with a lower dimension than the primary space, limiting the loss of information. PCA is useful for summarizing data described by several quantitative variables, and for obtaining noncorrelated factors.
[32] Principal component analysis of corrected chemical data (expressed as mg kg À1 of rock) shows the particular behavior of chloride in comparison with the other elements. The circle of the intervariable correlations (Figure 7) generated by PCA allows for the identification of two main processes during the experiments: (1) The strong correlation between potassium, magnesium, sodium, sulfate, calcium and time reflects the alteration of argillaceous minerals. However, the strong colinearity between the vector of factor 1 and the calcium can be explained by the dissolution of calcite. In the same way, the strong colinearity between the vector of factor 1 and sulfate reflects the dissolution of pyrite. This process is strongly linked to time. Consequently, factor 1, which explains 65% of the variance for the data represents minerals alteration processes. (2) In contrast to factor 1, the factor 2 (13% of the variance) is essentially expressed by chloride variation, and is not significantly correlated with any other variable. This shows that in the diffusion experiments, chloride concentration is not linearly correlated with any other chemical species, or with time. The nonlinear nature of the relationship between time and chloride concentration suggests that chloride migrates in water by diffusion. The behavior of some species (with very Figure 6 . Distribution of chloride, phosphorus, fluoride, hydrogen, oxygen, silica, sulfur, and carbon obtained by SIMS analysis of sample VF4 07670 (sector D); 250 Â 250 mm scan [Raimbault, 2000] . See color version of this figure at back of this issue.
low correlations according to the first and second factors) such as NO 2 and NO 3 , may be explained by other processes. Indeed, oxidoreduction, precipitation, etc. could have a role on the rest of the variance.
[33] Moreover, noncorrelation between chloride and calcium (r = 0.35; Table 4) shows that calcite dissolution during maceration experiments did not release fluid inclusions highly charged in chloride. This observation suggests that, in these five samples, chloride does not strongly occur in calcite. As a conclusion, principal component analysis strongly suggests that chloride measured during these experiments is in large part derived by diffusion from interstitial water.
Diffusion Experiments on Crushed Samples and Concluding Remarks
[34] Additional diffusion experiments were performed on crushed samples with various granulometry sizes ranging from 0 to 20 mm. The fraction containing the material sized from 0 mm to 0.4 mm is called the fraction F. The chloride extracted (mg kg À1 rock ) during these additional experiments and that extracted during the preliminary diffusion experiments is obtained by
with C mg l À1 the final chloride concentration of the added water (mg L
À1
) at the steady state of diffusion, R the initial rock mass (g) considered constant over the successive water samplings, W final the final volume of water added (L) obtained by W final = W initial À s V water sampling after the last sth water sampling (L).
[35] Values of extracted chloride content for the (cubes) diffusion experiments and for the fraction F (Table 5 and Figure 8 ) as well as total chlorine concentration of each rock sample before chloride extraction, suggest that efficiencies of the diffusion experiments are between 5% and 7.1%. These results are very homogeneous for all samples.
[36] For crushed samples of various granulometry sizes, results were very similar to those obtained for the (cubes) diffusion experiments except for the F fractions. Indeed, in two out of five samples, chloride extraction efficiency for the finely crushed samples is higher for cubes or for samples with lower granulometry sizes. It means that chloride can be located (1) in some pores enclosing water with concentrated chloride, (2) in the vicinity of cation compensation sites, near argillaceous layers, and (3) in some minerals. For these three reservoirs of chloride, the chloride would stay trapped unless the reservoir itself was crushed or dissolved.
[37] For the ''minerals'' reservoir, the SIMS analysis reveals that, despite of a rather ubiquitous distribution of chlorine throughout the matrix of all samples, chloride could be strongly concentrated in grains of apatite; however, this would represent only 14% of the total chloride content of the rock. SIMS analyses also reveal that chloride is present in some carbonates, but its presence is not systematic; quantitative assessment of this reservoir was not possible. Thus the very low efficiencies of diffusion experiments can be explained considering that most chlorine is fixed into minerals, and only the dis- Figure 7 . Space of the variables of the principal component analysis performed on chemical data obtained during diffusion experiments done for elaborating the protocol for extracting chloride; variables include major anions and cations and time. The first factor expressing 65% of the variance represents the alteration of minerals. The second factor expresses the diffusion process (no linear correlation with time). The good correlation between chloride and factor 2 suggests that chloride is essentially controlled by diffusion. Laboratory experiments show that equilibration between chloride concentration in interstitial water and chloride concentration in initially chloride-free water, allows for an assessment of the initial chloride concentration in interstitial water utilizing the diffusion process. We can model the diffusion experiments using Fick's second law coupled to mass conservation law, which expresses the equality between the rate of mass change in a volume (having a porosity) and an instantaneous balance of the solute entering and leaving some element. The chloride diffusion coefficient and the initial concentration can be determined using this model.
Experimental Settings of Diffusion
Experiments for the PECH 4.2.1
. Contribution of the Preliminary Laboratory Works
[39] Chloride concentrations measured in added water during preliminary diffusion ( Figure 9 ) on five samples from borehole VF4 (Table 1) show that the transient part of diffusion is not well described; too few data are collected using the sequence described in section 3.2.2. These do not allow for confident determination of the chloride diffusion coefficient. In order to evaluate this parameter, sampling has to be greater over the first two weeks of the experiments.
[40] Figure 9 shows an unexpected chloride behavior. After a few weeks of diffusion, one would expect a constant concentration reflecting steady state of diffusion; instead, chloride concentration oscillates. This behavior is not readily explained. A stepped increase in chloride concentration could reflect access to various pores during mineral dissolution. However, the decrease of the chloride concentration remains unexplained if this dissolution process is the cause of the increase of chloride concentration. Moreover, the study of the cation and anion behavior did not permit to find a chemical process for explaining this unexpected behavior of chloride. On the one hand, no mineral containing chloride is able to precipitate at the very low chloride concentrations measured; the solution is largely under chloride saturated. On the other hand, the readsorption of chloride to the surface of clays seems unlikely; Nolin [1997] has shown the nonadsorption of the main part of anions and especially chloride, on the surface of clays in natural water, and Fletcher and Sposito [1989] have shown anion adsorption on the surface of clays only when these anions form complexes with divalent cations. Unexpected behavior of chloride is not specific to this study; van der Kamp et al.
[1996] do not have explanations for the discrepancies for the results obtained for chloride using their radial diffusion method. Thus this behavior of chloride is still not understood, and seems to be related more to a physical process than to a chemical one; but obviously, it is corresponding to another process than diffusion, and may explain that, in the PCA of the preliminary diffusion experiments, the chloride variable is not perfectly located on the circle of intervariable correlation (Figure 7 ).
Settings of the Diffusion Experiments of the PECH Protocol
[41] For the diffusion experiments of the PECH protocol, the samples were prepared in the same way as for the preliminary experiments.
Preparation and Storage of Samples
[42] Each sample from a core of argillite obtained by cutting cubes with an approximate volume of 3.3 cm 3 each ($1.5 cm on a side); each face of the cube was either perpendicular or parallel to stratification. The cubes ($200 g) were placed in a 400 mL Teflon 1 reservoir that had been rinsed several times with ultra-pure water. The reservoir was weighted before and after introducing the rock Figure 9 . Chloride concentration (precision of measurement is ±9.5%) over time for the preliminary diffusion experiments for the five studied samples coming from borehole VF4. There is lack of data for a good representation of the transient state for the diffusion process and unexpected behavior (decrease/ increase) of chloride concentration over the ''steady state.'' sample; the exact weight of the rock sample was determined. Ultra-pure water was added in the reservoir, the reservoir was reweighted, and the exact weight (and volume) of water was determined, and the rock/water (R/W) ratio was calculated. R/W ranged between 1884 and 3008 g L
À1
. These rock/water ratios were quite high because at high rock/water ratio, a variation of this ratio generates a low variation of the amount of extracted chloride [Moreau-Le Golvan, 1997]; and so, it allows for the comparison between experiments with different rock/water ratios.
[43] In order to preclude bacteria activity, diffusion reservoirs were kept under ultraviolet light (254 nm) during the equilibration experiments. A screwing cap was placed on the top of the reservoir to avoid evaporation. Reservoirs were stored between 12°and 18°C.
Sampling Sequence and Chemical Analyses
[44] Diffusion for the PECH experiments was monitored over 30 days, and sampling was planned in order to cover both transient and steady state of diffusion. Samplings (1 mL removed at a time) occurred at 5, 12, 24, 40, 62, 120, 238, 543, 975, and 1750 hours after the water was added into the reservoirs. Anions and cations (fluoride, chloride, nitrite, bromide, nitrate, sulfate and lithium, sodium, ammonium, potassium, magnesium, calcium) were measured by liquid chromatographic analysis (data of Patriarche [2001] ).
Numerical Modeling of Diffusion Experiments and Parameters
[45] The numerical simulations were performed using the code METIS, a finite element program developed by the Centre d'Informatique Géologique of the Ecole des Mines de Paris [Cordier and Goblet, 1999; Goblet, 1989] .
[46] In our case, only pure diffusion transport is simulated, and METIS resolves the equation
expressing Fick's second law, where D p is the tensor of the pore diffusion coefficient (m 2 s À1 ) of some chemical species in the porous media, w d is the diffusion porosity of the chemical species (here taken as equal to the geochemical porosity w geoch ) and where C is the concentration of the species in water. 4.3.1. Physical Properties of the Argillites: Parameters for the Model 4.3.1.1. Porosity
[47] The geochemical porosity w geoch is the porosity occupied by some dissolved chemical species in the water. It is lower than total porosity, because some nonconnected pores and pores that are too small (e.g., anion exclusion process in clays) do not participate in geochemical porosity. Pearson [1999] lists several values for geochemical porosities for various chemical species and various rocks. In our study, total porosity w t is considered as being equal to the porosity w q obtained from water content; the ratio w geoch w t has been called the Pearson coefficient and a value w geoch w q % 0:3 has been adopted. This value corresponds to the value of the ratio w geoch w t given by Pearson [1999] for chloride in Parlfris marl (where water content, like in Tournemire marls and argillites, is equal to about 3%).
Diffusion Coefficient and Anisotropy
[48] A three dimensional representation of the diffusion experiment (section 4.3.2) allows for use of different diffusion coefficients in three dimensions of space. Beaudoing et al. [1996] performed diffusion-permeation experiments of tritiated water on 14 core samples from the ID boreholes. Ten were collected on the vertical ID 0 and ID 180 boreholes (i.e., near-perpendicular to bedding), including one in the Domerian, one in the Lower Toarcian, one in the Middle Toarcian, and seven in the Upper Toarcian. The four others were collected on the horizontal ID 90 and ID 270 boreholes (i.e., near-parallel to bedding) at the tunnel level. Results [Beaudoing et al., 1996] for diffusion coefficient values for tritiated water between these two series are 2 to 3 times different. To the best of our knowledge, anisotropy of diffusion coefficients in clayey sedimentary materials is not extensively described in the literature. However, anisotropy for diffusion coefficients in Tournemire material is very similar to that of the Boom Clay in Belgium [Maes et al., 1999; Put et al., 1991] , and can be explained by the structure of the material (phyllosillicates which can be represented by a pore model with parallel linings [Boisson et al., 1998c] ). Thus, in order to take into account the high anisotropy of the system (anisotropy 1:2), the diffusion coefficients were determined by a three dimensional model of the diffusion experiments, according to D x = D y = 2D z . Despite the lack of diffusion coefficient values in the horizontal direction in the lower part of the sequence, we ascribe the same anisotropy value for the diffusion coefficients to the lower layers because they also present a very stratified structure.
Pore Diffusion Coefficient and Effective Diffusion Coefficient
[49] As described previously, the equation solved by METIS uses the porosity in the two members of the equation and the pore diffusion coefficient D p , which expresses the rate extension of the diffusion front in the poral space; tortuosity of the poral space is therefore taken into account. The equation solved by METIS is exactly equivalent to div D e grad ! C ¼ ! geoch
@C @t
, which expresses the rate extension of the diffusion front in the porous media and where D e is the effective diffusion coefficient and w geoch is the geochemical porosity of the media for the considered species; D e takes into account both tortuosity and porosity of the media. Thus D e is the diffusion coefficient used to compare mass fluxes between various tracers (part 2 of this study [Patriarche et al., 2004] (Figure 10a ). This approximation of the experiment can be done because the diffusion coefficient of chloride in the added water is initially about two orders of magnitude higher than that in the rock (considering the rock porosity), and so instantaneous homogenization can be assumed in the surrounding water. Moreover, equilibration rate in the experiment is controlled by surface area between the cube and surrounding water, and the concentration gradient between the two domains. The cubic representation of this model reflects the volume and surface proportions of the real system. The regular shape of the cubic model allows for calculation of the mesh used in numerical simulations. In order to limit time calculation, we represent one eighth of the domain (Figure 10b ). The geometrical representation used for building the mesh is determined for each sample (each diffusion experiment) as:
[51] A is the 
Mesh Features and Simulation of the Decrease of the Water Volume After Each Water Sampling
[52] In order to guarantee the correct convergence of the calculations, especially at the boundaries between rock and ''added water'' domains, the mesh was extremely refined because at these boundaries strong contrasts of porosity and diffusion coefficient occurred; the mesh was constituted by 15625 nodes and 13824 cubic cells.
[53] After each water sampling, the R/W ratio was recalculated (R is constant). To account for the decrease of the water volume, porosity of the ''added water'' domain (initially 100%) was decreased according to the new R/W. The calculation applied to the next sampling and the R/W was reevaluated. The new porosity corresponding to the new rock/water ratio is given by
[54] Decrease in R/W did not have a great impact on calculations. For instance, the diffusion experiment for the sample TN3 02020 used 181.29 g of rock and initially 77.69 mL of ultra-pure water (R/W = 2333.50 g L À1 ). After 10 samplings, the final volume of water is 67.69 mL and the rock/water ratio is R/W = 2678 g L
À1
. The equivalent porosity of the ''added water'' at the final rock/water ratio was 95.9%. , the value in pure water at 18°C [Li and Gregory, 1974] ; this is an approximation because as the diffusion occurs, water is no longer ultra-pure.
[56] For each rock sample, porosity corresponded to the geochemical porosity for chloride, obtained initially by the calculation of total porosity from water content measurement. As described previously (section 4.3.1), the geochemical porosity assigned to argillites equals 0.3w q . For the samples collected in the Aalenian (limestone), the geochemical porosity equals w q (the total porosity obtained from water content). An initial concentration of chloride was set for all simulations, and the pore diffusion coefficient was also chosen. These two parameters are the variables we want to determine from simulations; they are obtained by trial and error.
Fitting the Model to Experimental Data
[57] At the end of a simulation, calculated concentrations at the node farthest of the rock (point N on Figure 10b ) and at the center of the cube of rock (point O on Figure 10b ) are extracted and plotted over time. Results of diffusion experiments on various samples (Figure 11) shows that chloride concentrations increase rapidly at the node in the ''added water'' (point N) and then tend to remain constant. Theoretically, steady state is never reached, but practically, we considered it as reached when difference between chloride concentrations in the center of the cube and in the ''added water'' domain is less than the analytical uncertainty ÁC measured .
[58] For fitting the model to experimental data, two criteria were used. For each rock sample, we maximized the number of experimental data (n) out of t data where jC measured À C calculated j ÁC measured is satisfied. For the same simulation, once n was maximized, we minimized S, the weighted sum of the square differences given
[59] Theoretically, in the case of a perfect mixing between chloride of interstitial water and chloride of added water (initially zero), the final concentration in the ''added water'' domain would not depend on the chloride diffusion coefficient and would only depend on the initial concentrations and initial volumes of water in the two domains. In practice, we did notice that sometimes the final model concentration did not allow minimizing the criterion n (due to the unexplained chemical behavior of the chloride described section 4.2.1). This was not generally the case.
[60] Practically, we minimized n and then S, only with respect to steady state diffusion. Once initial concentration was found, we used the same trial-and-error method to determine the chloride pore diffusion coefficient, by minimizing n and then S over the transient part of the diffusion. Once the two parameters were set, we checked that estimation of the a priori steady state part was indeed an a posteriori steady state. If it was not, we restarted the whole process with the most recently defined diffusion coefficient.
Accuracy of the Results
[61] Because of the low number of water samples collecting during each experiment and due to the fact that porosity was derived only using the water content, we were unable to calculate the uncertainties on pore water chloride concentrations or chloride diffusion coefficients. However, when simulations are repeated using a ±0.3% variation in water content; the average variation for the interstitial water chloride concentration is Ç10%. Moreover, variation in water content has no impact on the value of the diffusion coefficient because the pore diffusion coefficient merely reflects dynamics of the system in reproducing experimental Figure 11 . Diffusion experiments for samples from boreholes TN1 and TN3 calibrated by a trial-anderror method, yielding the chloride diffusion coefficient (calibrated on transient state) and the pore water chloride concentration (calibrated on steady state). data. Nonetheless, the order of magnitude obtained for diffusion coefficients can be considered correct, in view the homogeneity of the whole data set.
Chloride Profile in the Tournemire Argillites

Data Acquisition
[62] The PECH protocol was applied to borehole TN1 and TN3 samples collected approximately every 4 m; chloride diffusion coefficients and chloride concentrations were determined. The resultant values constitute a 162-m sequence of data, only interrupted at the level of the tunnel (Table 6) .
[63] Chloride concentrations of intermediate samples from borehole TN1 have been measured, using a D p obtained by linear interpolation between previously obtained D p values for surrounding samples in the sequence.
[64] Additionally, chloride concentrations for boreholes VF2, VF3 and VF4 samples were assessed using only 5 water samples during the diffusion experiments. Although diffusion coefficients are in a good agreement with those determined for borehole TN3 samples, only 1 or 2 water samples were collected during the transient part of the diffusion. As a result, values for D p for boreholes VF2, VF3 and VF4 samples should not be used in further work. However, concentrations were determined with generally better precision (more samples were collected over the steady state part of the diffusion experiments) and are included in the study of mass transport (see part 2).
Reliability of Method: Comparison With Results on Other Clay Materials
[65] Chloride pore diffusion coefficients in argillites and marls are all in the same order of magnitude (Figure 12a ) varying between 2 Â 10 À11 and 9 Â 10 À11 m 2 s
À1
(effective diffusion coefficients vary from 3 Â 10 À13 to 3 Â 10 À12 m 2 s À1 ; Figure 12b ). This means that the chloride pore diffusion coefficient is about two orders of magnitude less than the value of the chloride diffusion coefficient D 0 in pure water (1.71 Â 10 À9 m 2 s À1 in the work of Li and Gregory [1974] ). This difference reflects the pore tortuosity in the material and possibly the effect of the variation in the chemical composition of water.
[66] Few measurements of diffusion coefficients have been performed on natural clayey materials having porosities less than 10%, and studies dealing with natural clay materials use a wide range of diffusion coefficients. For instance, while Hendry et al. [2000] use a D e of 1.6 Â 10 À10 m 2 s À1 in the Snakebite Member (a plastic clay with an effective porosity equal to 14%) of the Bearpaw Formation, which is in agreement with Barone et al. [1990] and Barone et al. [1992] , Hendry and Schwartz [1988] use a D e of 6 Â 10 À12 m 2 s À1 for the Colorado shale (with an effective porosity equal to 7%). Often, the threshold values of 6.3 Â
10
À11 and 5 Â 10 À10 m 2 s À1 given by Desaulniers et al. [1981] are cited as the valid values for chloride D e , omitting the fact that these values are directly based on porosities ranging between 25% and 50%. However, chloride diffusion coefficients presented herein still remain lower than those described in the literature, perhaps reflecting how atypical the Tournemire material really is.
[67] This affirmation is reinforced by measurements of effective iodide diffusion coefficients. In high-density materials, chloride and iodide have very similar behavior with respect to diffusion [Kozaki et al., 1998; Sato et al., 1992] . Iodide D e measurements performed using diffusion-permeation experiments [Pocachard et al., 1998 ] range between 1.4 and 2.4 Â 10 À13 m 2 s À1 , and reflect the extremely slow diffusion properties for chemical species in Tournemire argillites and marls. Rübel and Sonntag [2001] also describe a low helium diffusion D p value of 3.5 Â 10 À11 m 2 s À1 in the Opalinus Clay (in which total porosity is 12 to 19%). Considering that helium diffuses at a higher rate than chloride in pure water, it is not surprising that chloride has similar or smaller diffusion coefficients than helium in a media with a smaller and probably more tortuous porosity.
Discussion on Chloride Transport in the Tournemire Argillites
[68] The vertical profile of pore water chloride concentrations obtained by PECH, for the VF2, VF3, VF4, TN1 and TN3 borehole samples increases downward across the Toarcian units (Figure 13) .
[69] The lack of data in the Carixian precludes description of chloride concentrations of interstitial water in the lower part of the sequence. However, low chloride content of the water circulating in the Carixian karstic aquifer suggests a decrease with depth of chloride concentration in the Domerian. Chloride concentrations of Carixian waters are lower Figure 12 . Profiles of (a) the pore diffusion coefficient and (b) the effective diffusion coefficient for chloride in the Tournemire massif.
than 10 mg L À1 [Barbreau and Boisson, 1994; De Windt et al., 1999] . The chloride concentration of water circulating in the Aalenian karst is also very low, ranging from 7.3 to 7.7 mg L À1 [Patriarche, 2001] .
[70] Thus, at the Tournemire site, interstitial water of argillites is more concentrated in chloride that water circulating at the argillite boundaries, in the Aalenian and Carixian aquifers. This concentration contrast might result in chloride diffusion from the argillites at a scale of the entire geological sequence. Such processes would explain the shape of the chloride concentration profile, where chloride content increases with depth in the Toarcian layer prior to an expected decrease with depth in the vicinity of the Carixian layer.
[71] On the basis of these data, it seems apparent that mass transport by diffusion could be the main process that controls chloride concentration across the Tournemire massif. It would also imply that water in aquifers bounding the argillites has a very low chloride concentration and that condition has persisted over a significant amount of geologic time and that interstitial water in argillites was initially concentrated in chloride because sediment deposition occurred in marine settings.
[72] This model will be tested (part 2 of this study) using numerical simulations in order to check its validity according to the geological history of the massif and to experimental chloride diffusion coefficients.
Conclusion
[73] The development of a specific protocol for obtaining representative chloride data in interstitial water of Tournemire argillites was presented. Diffusion experiments were performed checking that chloride obtained by these diffusion experiments was originally coming from interstitial water and that the process for accessing to this chloride is really diffusion. In order to do so, chemical analyses (ICP-AES, AAS. . .), X-ray diffractometry analyses and SIMS analyses were performed on argillite samples. A large number of chemical analyses (ionic chromatography) of the water, where chemical equilibration occurred over time during diffusion experiments were also performed. A principal component analysis on this large data set helped to recognize that chloride extracted during the equilibration was obtained by diffusion.
[74] The use of a numerical code for modeling the diffusion during these diffusion experiments yielded to the assessment of initial chloride pore water concentrations (based on steady state of diffusion), and chloride pore diffusion coefficients (based on transient state of diffusion).
[75] The number and the quality of data acquired using the protocol PECH allowed for drawing of the vertical profiles of chloride diffusion coefficients (Figures 12a and  12b ) and chloride concentration (Figure 13 ) of pore water throughout the Tournemire sequence.
[76] The very low chloride effective diffusion coefficients and the shape of the chloride concentration profile suggest then, that diffusion is the main process for mass transport. In order to check whether this hypothesis is in agreement with the geological history of the Tournemire massif, numerical modeling based on these data is presented in part 2 of this article.
Notation q water content in weight, %. w t true total porosity, %. w q total porosity derived from water content, %. w e effective porosity where advection and dispersion occurs, %. Figure 13 . Profile of pore water chloride concentration (error bars represent ±10 %) in the Tournemire massif obtained using the PECH protocol.
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